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In many organisms, like Caenorhabditis elegans and Drosophila melanogaster, establishment of spatial patterns and definition of
cell fate are driven by the segregation of determinants in response to spatial cues, as early as oogenesis or fertilization. In these
organisms, a family of conserved proteins, the PAR proteins, is involved in the asymmetric distribution of cytoplasmic determinants and
in the control of asymmetric divisions. In the mouse embryo, it is only at the 8-cell stage during compaction that asymmetries, leading
to cellular diversification and blastocyst morphogenesis, are first observed. However, it has been suggested that developmentally
relevant asymmetries could be established already in the oocyte and during fertilization. This led us to study the PAR proteins during
the early stages of mouse development. We observed that the homologues of the different members of the PAR/aPKC complex and
PAR1 are expressed in the preimplantation mouse embryo. During the first embryonic cleavages, before compaction, PARD6b and
EMK1 are observed on the spindle. The localization of these two proteins becomes asymmetric during compaction, when blastomeres
flatten upon each other and polarize. PARD6b is targeted to the apical pole, whereas EMK1 is distributed along the baso-lateral domain.
The targeting of EMK1 is dependent upon cell–cell interactions while the apical localization of PARD6b is independent of cell contacts.
At the 16-cell stage, aPKC~ colocalizes with PARD6b and a colocalization of the three proteins (PARD6b/PARD3/aPKC~ can occur in
blastocysts, only at tight junctions. This choreography suggests that proteins of the PAR family are involved in the setting up of
blastomere polarity and blastocyst morphogenesis in the early mammalian embryo although the interactions between the different
players differ from previously studied systems. Finally, they reinforce the idea that the first developmentally relevant asymmetries are
set up during compaction.
D 2005 Published by Elsevier Inc.
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Introduction embryonic polarity. However, to our knowledge, there isIn many organisms, establishment of spatial patterns
and definition of cell fate are driven by the segregation of
determinants in response to spatial cues. For example, in
Caenorhabditis elegans, fertilization induces an asymmet-
ric distribution of molecules important for subsequent0012-1606/$ - see front matter D 2005 Published by Elsevier Inc.
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E-mail address: maro@ccr.jussieu.fr (B. Maro).no asymmetric distribution of determinant in the oocyte or
in the mouse embryo in response to fertilization. The
divergence of the two first lineages of the mouse embryo is
initiated at the 8-cell stage when blastomeres polarize
during compaction (Johnson and McConnell, 2004).
Before compaction, cells are not polarized and micro-
villi are distributed over the whole surface of the cells.
During compaction, blastomeres flatten upon each other
through the establishment of E-cadherin-mediated cell
contacts and become polarized. Microvilli disappear from282 (2005) 307–319
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apical pole, as shown by the distribution of ezrin (Louvet
et al., 1996, 2001), and cytoplasmic components (such as
clathrin vesicles, endosomes and microfilaments) become
asymmetrically distributed (Johnson and Maro, 1986).
Stable acetylated microtubules are enriched at the basal
pole while a larger population of more dynamic micro-
tubules is found apically (Houliston and Maro, 1989).
Compaction is mediated by at least two pathways that are
both active in the embryo: one requires flattening and can
occur without microtubules and the other is independent of
flattening but involves a microtubule-mediated interaction
between the nuclei and the cell surface (Houliston et al.,
1989). During the fourth cleavage, the orientation of the
mitotic spindle is random. Thus, depending on the
orientation of the spindle with respect to the apical–basal
axis, asymmetric divisions can occur (Johnson and Maro,
1986; Johnson and McConnell, 2004). The daughter cells
inheriting a large part of the pole of microvilli possess one
non-adhesive domain and become outer blastomeres,
whereas cells devoid of microvilli are adhesive over their
whole surface and become inner cells. Moreover, the
daughter cells inheriting a large part of the pole of
microvilli will be able to reestablish a polarized organ-
ization after division. Thus, two different cell types with
distinct fates are generated: internal non-polarized cells that
will give rise to the inner cell mass (ICM) in the
blastocyst, and external polarized cells that will give rise
mainly to the trophectoderm (TE) (Fleming, 1987; Johnson
and Ziomek, 1981). The formation of these two different
cell types is a crucial process for the development of the
mouse embryo since the ICM will contribute to the
formation of the embryo and some extra-embryonic
structures while the TE will participate to the extra-
embryonic structures (Gardner, 1983).
Cells constituting the TE show features characteristic of
epithelial cells: junctional complexes with adherens junc-
tions in baso-lateral areas and tight junctions delimiting the
apical domain. Tight junctions are progressively formed
from the 8-cell stage and their maturation is achieved during
the 32-cell stage (with the progressive recruitment of
ZO-1a, cingulin, ZO-1a+ and occludin), just before
the formation of the blastocele (Fleming et al., 2000).
Studies concerning the establishment of polarity in the
zygote of C. elegans demonstrated the existence of a group
of genes involved in this process, the par (partitioning
defective) genes. In C. elegans, fertilization induces a
polarized localization of PAR3 and PAR6 with an atypical
protein kinase C (PKC3) at the anterior cortex (Etemad-
Moghadam et al., 1995; Guo and Kemphues, 1995; Hung
and Kemphues, 1999; Tabuse et al., 1998), whereas PAR1
localized to the posterior cortex (Boyd et al., 1996; Guo and
Kemphues, 1995). These proteins are involved in the
asymmetric distribution of cytoplasmic determinants and
positioning of the spindle, thus allowing asymmetric
divisions and the segregation of the germ line. Theseproteins are conserved throughout evolution and, in
Drosophila, PAR3, PAR6 and aPKC also form a complex
involved in the establishment of polarity in the oocyte, in
epithelial differentiation and in asymmetric divisions of
delaminating neuroblasts (for review, see Ahringer, 2003).
Two orthologues of aPKC are found in mammals: aPKCJ
and aPKC~ . Homologues of PAR3 and PAR6 have been
identified also in mammals, PARD3 and PARD6. In mouse,
three splice forms of PARD3 are observed (100 kDa, 150
kDa and 180 kDa). They differ in the C-terminus part of the
protein while they all possess the N-terminus part and the
three PDZ (PSD-95/Dlg/ZO-1) domains. In addition, the
100-kDa form lacks the aPKC-binding site (Lin et al.,
2000). Three PARD6 proteins encoded by three different
genes have been identified in mouse: PARD6a, PARD6b
and PARD6g. All contain a conserved semi-CRIB (Cdc42/
Rac Interactive Binding) domain, a conserved PDZ domain
and have a similar molecular weight (40 kDa). They can
interact with Cdc42, aPKCs and PARD3 (Joberty et al.,
2000). In Drosophila and mammalian epithelial cells, the
tripartite PAR3/PAR6/aPKC complex is localized at tight
junctions whereas PAR1 is localized at the baso-lateral
cortex. It seems that establishment of cell polarity requires a
physical exclusion of PAR1 from the PAR/aPKC complex
(Hurov et al., 2004; Suzuki et al., 2004). PAR1 is a serine/
threonine kinase essential for the establishment of polarity
in the C. elegans zygote (Guo and Kemphues, 1995) and in
the Drosophila oocyte (Shulman et al., 2000; Tomancak et
al., 2000). The mammalian homologues of PAR1 belong to
the MARK family (Microtubules Affinity Regulating
Kinases). Mouse homologues of PAR1 are called EMK
for bELKL (glutamate–leucine–lysine/asparagine–leucine)
Motif Kinase. These proteins have been shown to phos-
phorylate some microtubules associated proteins, causing
their dissociation from microtubules, thus increasing micro-
tubules dynamics (Drewes et al., 1997). The role of PAR1
in regulating the microtubule cytoskeleton has been also
demonstrated in Drosophila oocytes (Cox et al., 2001) and
follicular epithelial cells (Doerflinger et al., 2003). In
mammalian epithelial cells, mPAR1 is localized to the
lateral domain and expression of a form of mPAR1 lacking
the kinase domain disrupts cell adhesion and cell polarity
(Bohm et al., 1997). Thus, it seems that PAR1 may be
involved in the regulation and/or the maintenance of cell
polarity likely through its interaction with the microtubules.
Such a role of EMK1 was not observed in knockout mice
(Bessone et al., 1999; Hurov et al., 2001), but this may be
due to a compensation phenomena linked to the presence of
other kinases of the EMK family.
These observations led us to characterize the PAR
proteins present in the early mouse embryo, since their
distribution may reflect developmental asymmetries set up
very early during embryogenesis. These molecules may also
control the setting up of asymmetries within 8-cell blasto-
meres and be involved in the segregation of the first two
lineages of the embryo and blastocyst morphogenesis.
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Recovery and culture of mouse oocytes and embryos
9- to 12-week-old females OF1 (Charles River) were
superovulated by intraperitoneal injection of 5 UI Pregnant
Mare Serum gonadotrophin (PMS, Intervet) and 5 UI
human Chorionic Gonadotrophin (hCG, Intervet), 48 h
later. Oocytes and embryos were collected in M2 + BSA
(4 mg/mL) medium. Metaphase II oocytes were collected at
14–16 h post-hCG in oviducts ampullae’s. The cumulus
cells were dispersed by incubation in 0.1 M hyaluronidase
(Sigma). To obtain embryos, females were mated with OF1
males (fertilization occurs about 12 h post-hCG). Embryos
were collected by flushing oviducts and then cultured in
T6 + BSA (Howlett et al., 1987) under paraffin oil at 378C
in 5% CO2. For RT-PCR and Western blot, embryos were
collected at the middle of the cycle. For immunocytological
staining, zonae pellucidae were removed by a brief
incubation in Tyrode’s acid solution (Nicolson et al., 1975).
RT-PCR
Reverse transcription was processed according to the
manufacturer’s instructions (Invitrogen). PCR amplification
was performed using primers specific of each gene (and of
each isoform of PARD3):
pard3: 5V GTGGCCAAGGATCCAAACTAC 3V and
5V GTCTCGCTGGAACTGGTTGG 3V;
pard3-180: 5V AGGGGCTGCAACGAAAGC 3V and
5V CTCTGAGGTGAAAGAATCCTG 3V;
pard3-150: 5V AGGGGCTGCAACGAAAGC 3V and
5V TCATCTCTTCTCCGGCTTCAGT 3V;
pard3-100: 5V AACGAGCTGCGGTCTCCT 3V and
5V CTATGTTCCTGACTCACC 3V;
pard6b: 5V GAGTTTTACGGACTGCTGCAA 3V and
5V GCTTCTTCCGGTGGTTGTCG 3V;
apkc~: 5V ATGCCCAGCAGGACGGACCCCAA 3V and
5V CAGTACGCTCCCCTGTTAAAGCG 3V;
emk1 : 5 V CCGTTCTACATGTCCAC 3 V and
5V CTTATTTTCTGCGTTGTTAC 3V.
Antibodies and reagents
The rabbit polyclonal antibodies raised against the three
PDZ domains of mouse PARD3 were purchased from
Upstate and were diluted at 1/200 for immunoblotting and
immunofluorescence. The rabbit polyclonal antibodies
raised against the last 14 amino acids of the human
homologue of PARD6b were produced by S. Ohno’s
laboratory (Yokohama University, Japan) and were previ-
ously used and characterized (Vinot et al., 2004; Yamanaka
et al., 2003). They were diluted at 1/100 for immunoblotting
and 1/40 for immunofluorescence. The rabbit polyclonal
anti-EMK1 antibodies were raised against the amino acid423 to 437 (KTQSNNAENKRPEEEC, Eurogentec) and
were diluted at 1/500 for immunoblotting and 1/100 for
immunofluorescence. The characterization of these anti-
bodies is presented in the Supplemental Figs. S1 and S2.
The rabbit polyclonal anti-aPKC~ antibodies were pur-
chased from Santa-Cruz (C20) and were diluted at 1/500 for
both immunoblotting and immunofluorescence. The mouse
monoclonal anti-ZO-1 antibody that recognized both the
ZO-1a and ZO-1a+ forms was purchased from Zymed
laboratories and was diluted at 1/200. The mouse anti-
tubulin antibody was purchased from Amersham and was
diluted at 1/10000 for immunoblotting. The FITC-conju-
gated anti-rabbit Ig antibodies were purchased from Jackson
laboratories and were diluted at 1/80 and the Rhodamine-
conjugated anti-mouse Ig antibodies were purchased from
KPL and were diluted at 1/16.
A 102 M solution of nocodazole (Merck) was diluted in
T6+BSA at a final concentration of 10 AM.
Embryo disaggregation and reaggregation
4-cell stage embryos were examined every hour for
evidence of division to 8-cell stage. Embryo disaggregation
was achieved by placing early non-compacted 8-cell stage
embryos in calcium-free M2 + BSA for 30 min, during
which time they were disaggregated to single 8-cell
blastomeres using a flame-polished pipette. Isolated blasto-
meres were reaggregated into phytohemagglutinin (Sigma)
in M2 + BSA. They were cultured for 6 h and fixed. In
another set of experiments, 8-cell stage embryos were
checked for compaction, disaggregated to single cells and
then reaggregated. They were cultured for 2 h and fixed.
Immunoblotting
The total embryo protein content was separated by SDS-
PAGE (10%) and transferred electrophoretically onto a
nitrocellulose membrane. The membrane was blocked in
TBS/0,1% Tween-20 containing 3% dry milk (for PARD3,
aPKC~ , EMK1 and tubulin) or 3% BSA (for PARD6b)
followed by incubation with the indicated primary antibodies
(diluted in TBS/Tween containing 3% milk or BSA). After
several washes in TBS/Tween, membranes were incubated
with anti-rabbit or anti-mouse Ig antibodies linked to
peroxydase (Amersham, 1/10000 and ICN, 1/50000, respec-
tively, in TBS/Tween containing 3% milk or BSA).
Membranes were developed using the Super Signal Western
blotting detection system (Pierce) according to the manu-
facturer’s instructions. We used the anti-tubulin antibodies to
verify the loading of proteins in the case of aPKC~ that is
absent from many stages.
Embryos fixation and immunofluorescence
Embryos were placed in specially designed chambers as
previously described (Maro et al., 1984). After centrifuga-
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in 1% formaldehyde in PBS for 1 min at 378C and then
fixed in methanol for 6 min at 208C for PARD3 detection.
For the other proteins, samples were fixed in 3.7% form-
aldehyde (BDH) in PBS for 30 min at 378C, neutralized
with 50 mM NH4Cl in PBS for 10 min, and post-
permeabilized in 0.25% Triton X-100 in PBS for 10 min.
Immunofluorescence staining was performed on fixed
samples by incubation with the indicated primary antibodies
in PBS/0.1% Tween-20/1.5% BSA for 1 h, followed by an
incubation in the secondary antibody in PBS/Tween for 30
min. DNA was revealed by incubation in propidium iodide
(5 Ag/ml) for 3 min. Samples were observed under a Leica
TCS-SP1 confocal microscope.Results
Homologues of par genes are expressed at the mRNA and
protein levels during preimplantation development of the
mouse embryo
First, we performed RT-PCR experiments using primers
raised against the 5V region of the cDNA of PARD3. We
observed that mRNAs were detected only in metaphase II
arrested oocytes (MII) and blastocysts (Fig. 1A). Since the
5V region is common to the three cDNAs encoding the 100-
kDa, the 150-kDa and the 180-kDa isoforms, we performed
RT-PCR experiments using primers specific of each isoform
in MII oocytes and blastocysts in order to identify which
isoforms were encoded by these mRNAs. mRNAs encoding
the PARD3-150 kDa isoform were detected in MII oocytes
(Fig. 1AV), whereas mRNAs encoding the PARD3-100 kDa
isoform were detected at both stages (Fig. 1AW). mRNAs
encoding the PARD3-180 kDa isoform were detected in MII
oocytes (data not shown). By immunoblotting (Fig. 1B)
using an antibody which recognize all three proteins (Lin et
al., 2000), we observed that the PARD3-150 and 100 kDa
proteins were present in 2-, 8- and 16-cell embryos. The
amount of the 150-kDa isoform decreased from the 16-cell
stage onwards and was not detected in blastocysts. In
contrast, the amount of PARD3-100 kDa isoform increased
dramatically in blastocysts, suggesting that the maternal
PARD3-100 kDa was present until the 16-cell stage and that
it is synthesized de novo at the blastocyst stage. The 180-
kDa protein was detected only in immature oocytes (data
not shown).
Three homologues of PAR6 have been described in
mouse: PARD6a, PARD6b and PARD6g (Joberty et al.,
2000) which are encoded by 3 different genes. To determine
whether these genes were transcribed in pre-implantation
embryos, we performed RT-PCR on four stages of develop-
ment using primers specific of each gene. We found that
only the mRNA encoding PARD6b was present at all stages
(Fig. 1C). mRNAs encoding PARD6a were detected only at
the 2-cell stage (Louvet-Valle´e et al., 2005). mRNAsencoding PARD6g were not detected under the conditions
used (data not shown). By immunoblotting using the anti-
PARD6b antibodies previously described (Vinot et al.,
2004; Yamanaka et al., 2003), we observed that PARD6b
was present at all stages (Fig. 1D).
Since in other systems PAR3 and PAR6 form a complex
with an atypical PKC, we investigated the expression of one
of the two mammalian atypical PKC, aPKC~ . mRNAs were
detected from the 2-cell to the blastocyst stage (Fig. 1E) and
the protein at the 16-cell stage and in blastocysts (Fig. 1F).
The absence of protein at the other stages was not due to the
absence of proteins in the samples since similar amounts of
tubulin were detected at all stages (data not shown).
The polarization of blastomeres involves a reorganization
of the microtubule network, leading us to investigate the
presence of the PAR1 homologue EMK1. We found that
mRNAs were detected only in unfertilized eggs (Figs. 1G,
MII). However, the protein was detected at every stage
tested (Fig. 1H). Two bands were observed, as previously
described (Hurov et al., 2001), indicating the presence of
two isoforms of EMK1 in mouse embryos.
PARD6b and EMK1 polarize during compaction
To determine the earliest stage at which asymmetries
could be set up, we studied the localization of PAR proteins
from the 2-cell stage to the blastocyst stage. From the 2-cell
stage to the early 8-cell stage, PARD6b and EMK1 were
nuclear and distributed within the cytoplasm with a weak
concentration towards the inside of the embryos (Figs. 2A,
F, see also Figs. 4B, D and E). After compaction, PARD6b
was also found at the apical pole of the newly polarized cells
(Fig. 2B). EMK1 showed a complementary localization
pattern since the protein was found along the baso-lateral
cortex after compaction (Fig. 2G). During the following
mitosis, at the 8 to 16-cell stage transition, PARD6b
remained polarized at the cell cortex while EMK1 stayed
in cell contact areas (see Figs. 4C, F).
Surface polarization of mouse blastomeres at the 8-cell
stage can be accomplished by at least two alternative routes.
One requires intercellular flattening but is independent of
microtubules, and the other can occur without flattening but
involves a microtubule-mediated interaction between the
nucleus and the cell cortex. Both pathways operate in the
undisturbed embryo (Houliston et al., 1989). To determine
which mechanism was involved in the targeting of PARD6b
and EMK1 to the cortex of compacted blastomeres at the 8-
cell stage, we incubated non-compacted 8-cell embryos in
calcium-free medium for 6 h to inhibit intercellular flat-
tening (since it is mediated by the calcium-dependent
adhesion molecule E-cadherin). We observed a polarized
cortical localization of PARD6b only in blastomeres in
which the nucleus was close to the cortex (Fig. 2C,
asterisks), suggesting that microtubules can target PARD6b
to the cortex in the absence of intercellular flattening.
However, EMK1 was never localized at the cell cortex in
Fig. 1. Expression of the mRNAs and proteins of the PAR/aPKC complex and of PAR1 in mouse preimplantation embryos. (A, AV, AW, C, E, G) RT-PCR
performed on 10 embryos of each stage using primers specific for each gene (A, C, E, G) or for two (150 and 100 kDa) of the spliced mRNAs of PARD3
(AV and AW, respectively). MII: unfertilized eggs. RT+: reverse transcriptase has been added to the reaction, RT: reverse transcriptase was omitted from the
reaction. The experiments were done at least twice and gave identical results. (B, D, F, H) Immunoblots performed on an equal number (n = 100) of embryos at
the 2-cell stage (2-cell), 8-cell stage (8-cell), 16-cell stage (16-cell) and blastocyst stage (blast.). The experiments were done twice and gave identical results.
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may be dependent upon cell–cell interactions. Alternatively,
cortical polarization of microvilli can take place in the
absence of microtubules if intercellular flattening occurs
(Houliston et al., 1989). Thus, we incubated non-compacted8-cell embryos with the microtubule depolymerizing drug
nocodazole for 6 h (Houliston et al., 1987; Maro and
Pickering, 1984). We observed that PARD6b was able to
polarize at the cell cortex (Fig. 2D, asterisks), while EMK1
was observed in cell contact areas, although the staining was
Fig. 2. PARD6b and EMK1 are asymmetrically localized during compaction. Control non-compacted (A, n = 31 in 3 replicates; F, n = 9 in 2 replicates) and
compacted (B, n = 32 in 3 replicates; G, n = 15 in 2 replicates) 8-cell stage embryos and embryos cultured in calcium-free medium (C, n = 60 in 2
replicates; H, n = 25 in 2 replicates) or embryos cultured in medium containing 10 AM nocodazole (D, n = 43 in 2 replicates; I, n = 27 in 2 replicates), or
embryos cultured in calcium-free medium supplemented with nocodazole (E, n = 42; J, n = 10) were stained with the anti-PARD6b (A–E) and the anti-
EMK1 (F–J) antibodies (green) and with propidium iodide to visualize chromatin (red). 100% of embryos present the same staining. Pairs of blastomeres
disaggregated and reaggregated just after division to the 8-cell stage (K, L) or after compaction (M, N) were stained with the anti-PARD6b (K, n = 14 in 2
replicates; M, N, n = 19 in 2 replicates) and the anti-EMK1 (L, n = 15 in 2 replicates) antibodies (green) and with propidium iodide to visualize chromatin
(red). Scale bar represents 20 Am.
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Figs. 2G and I). When both treatments are combined
(culture for 6 h in a calcium-free medium supplemented
with nocodazole), PARD6b and EMK1 were not localized
to the cell cortex, even if nuclei are peripherical (Figs. 2E, J).
These results suggest that the two pathways can mediatePARD6b polarization. In contrast, the baso-lateral targeting
of EMK1 seems to require intercellular flattening.
To understand the relationship between the cell contacts
and the polarization of PARD6b and EMK1, early 8-cell
embryos were disaggregated to single (1/8) blastomeres
and reaggregated in pairs (2/8) to create new contact point.
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localization of PARD6b and EMK1. PARD6b was
localized to the cortex perpendicular to the point of cell
contacts (Fig. 2K) and EMK1 was found in the cytoplasm
with an exclusion from the region near the external
membrane and at the baso-lateral membrane (Fig. 2L).
This suggests that the new cell contacts that are created
between the two blastomeres are sufficient to relocalize
PAR proteins.
In order to determine whether the cortical localization of
PARD6b is fixed after the mid 8-cell stage, we disaggre-
gated compacted 8-cell embryos to single 1/8 blastomeres
and we reaggregated them to form 2/8 pairs. We examined
the localization of PARD6b 2 h later. We observed that 68%
(n = 13 out of 19) of the 2/8 pairs presented an evident
PARD6b staining. In 42% of those cells (n = 11 out of 26),
PARD6b was not localized to the cortex perpendicular to the
point of cell contact, but off-axis with respect to the
intercellular contact point (Fig. 2N). In the remaining 58%
(n = 15 out of 26), PARD6b was localized to the cortex, on-
axis with respect to the intercellular contact point (Fig. 2M).
This result leads to the conclusion that once PARD6b is
polarized, the distribution of this protein can no longer
respond to new cell contacts.
PARD3 was not localized at the 8-cell stage (Supple-
mental Fig. S3). Only aggregates of aPKC~ that may
correspond to endoplasmic reticulum and Golgi vesicles
were observed at that stage (data not shown).
Behavior of PAR proteins during epithelial differentiation
From the 16-cell stage onwards, EMK1 was localized in
nuclei (Fig. S2). At the 16-cell stage, the apical poles of
outer cells were stained with both the PARD6b (Figs. 3A
and CV) and aPKC~ (Figs. 3G and IV) antibodies. A weak
staining was also observed for PARD6b at the baso-lateral
membrane (Fig. 3A). aPKC~ and PARD6b were also found
around the cortex of inner cells. In blastocysts, both were
localized at the apical pole of the TE cells and also all
around the cortex of ICM cells (Figs. 3D, J). The proteins
were totally excluded from the baso-lateral cortex of TE
cells (Figs. 3FV, LV). Colocalization experiments using an
anti-ZO-1 antibody showed that both PARD6b and aPKC~
colocalized with tight junctions at both stages (Figs. 3C, F, I,
L, and CV, FV, IV, LV).
PARD3 was not localized until the blastocyst stage (for
example, see an 8-cell stage embryo in Supplemental Fig.
S3). However, in blastocysts, we observed an accumulation
of this protein in tight junctions connecting the epithelial
cells constituting the trophectoderm, as demonstrated by the
colocalization with ZO-1 (Figs. 3M, O, OV). No staining was
observed at the apical pole of TE cells, while some staining
was also observed in the cell contact areas of ICM cells.
Moreover, the GFP-tagged PARD3-100 kDa protein local-
ized as the endogenous one (see Figs. S3, B). Taken
together, our results suggest that the 150-kDa isoform is notlocalized while the protein localized at the blastocyst stage
in tight junctions corresponds to the 100 kDa isoform.
Our results show that PARD6b and aPKC~ colocalize at
the apical pole of outer cells at the 16-cell and blastocyst
stages. Moreover, they colocalized with ZO-1 at all stages.
PARD3-100 kDa is targeted at tight junctions at the
blastocyst stage, after PARD6b and aPKC~ .
PARD6b and EMK1 are localized on mitotic spindles before
compaction while they remain associated with the cortex
during mitosis after compaction
Our previous results have shown that PARD6b was
localized on meiotic spindles in mouse oocytes (Vinot et al.,
2004). In early blastomeres (2-cell to 16-cell stages), during
interphase, PARD6b and EMK1 accumulated in nuclei
(Figs. 4B–F). PARD6b (Figs. 4A, B) and EMK1 (Figs. 4D,
E) were found on the spindle during mitosis until the
transition between the 4 and 8-cell stage. The spindle
staining in mitotic cells disappeared at the 8- to 16-cell stage
transition for PARD6b and EMK1 (Figs. 4C, F). During this
transition, PARD6b remained associated with the apical pole
while EMK1 was observed in the baso-lateral cortical
domain (Figs. 4C and F).Discussion
We show here that the homologues of PAR1, PAR3,
PAR6 and aPKC are expressed in the preimplantation
mouse embryo. We found that the 150-kDa isoform of
PARD3 is expressed from the 2-cell stage to the 16-cell
stage and that the 100-kDa isoform of PARD3 is present in
blastocysts. EMK1 and PARD6b are present throughout the
development. However, aPKC~ is expressed only from the
16-cell stage. We did not observe an asymmetric distribution
of these proteins before compaction, suggesting that the first
morphogenetic event observed during mouse preimplanta-
tion embryo, compaction, is indeed the time at which
developmentally relevant asymmetries are first set up.
PAR proteins and compaction
At compaction, blastomeres become more adherent and
polarize. In this study, we have shown two PAR homo-
logues change their distribution during this event: before
compaction, PARD6b and EMK1 are localized only in
nuclei, and after compaction, PARD6b is targeted to the
apical pole whereas EMK1 is distributed along the baso-
lateral domain (Fig. 5). The polarization of both PARD6b
and EMK1 during compaction is determined by cell
contacts, like in C. elegans early embryos (Nance and
Priess, 2002). Conversely, in C. elegans, PAR proteins are
required to modulate cell adhesion during gastrulation
(Nance et al., 2003). Moreover, we have shown that in
mouse embryos, microtubules are able to control PARD6b
Fig. 3. Localization of PARD3/PARD6b/aPKC~ during epithelial differentiation. 16-cell stage embryos (A, n = 16 in 2 replicates; G, n = 49 in 2 replicates) and
blastocysts (D, n = 71 in 2 replicates; J, n = 44 in 2 replicates; M, n = 31 in 2 replicates) were stained with the anti-PARD6b (A, D) and anti-ZO-1 antibodies
(B, E) or with the anti-aPKC~ (G, J) and anti-ZO-1 (H, K) antibodies or with the anti-PARD3 (M) and anti-ZO-1 (N) antibodies. PARD6b, aPKC~ and PARD3
are visualized in green and ZO-1 in red. 100% of embryos present the same staining. Scale bars represent 20 Am.
S. Vinot et al. / Developmental Biology 282 (2005) 307–319314polarization in the absence of cell adhesion. This is
reminiscent of the situation in the C. elegans zygote where
microtubules are involved in the setting up of the anterior–
posterior axis (Wallenfang and Seydoux, 2000). It is knownthat establishment of cell contacts during compaction in
mouse embryo is mediated by E-cadherin (for review, see
Fleming et al., 2001) and that Cdc42 plays an important role
during compaction (Clayton et al., 1999). Many studies
Fig. 4. Localization patterns of PARD6b and EMK1 during the second to fourth cleavage divisions. (A, n = 17 in 2 replicates; D, n = 76 in 4 replicates)
embryos stained during the 2/4 transition (second cleavage division). (B, n = 9 in 2 replicates; E, n = 20 in 2 replicates) embryos stained during the 4/8
transition (third cleavage division). (C, n = 23 in 2 replicates; F, n = 14 in 2 replicates) embryos stained during the 8/16 transition (fourth cleavage
division). PARD6b (A, B, C) and EMK1 (D, E, F) are visualized in green and chromatin is in red. 100% of embryos present the same staining. Scale bar
represents 20 Am.
S. Vinot et al. / Developmental Biology 282 (2005) 307–319 315have demonstrated that Cdc42 is implicated in the redis-
tribution of actin microfilaments during cell polarization (for
review, see Etienne-Manneville, 2004). Moreover, cadherin
signaling induces activation of Cdc42 (Arthur et al., 2002),
which can bind to PARD6b via its CRIB domain. The
relocalization of PARD6b at the apical pole of the 8-cell
stage blastomeres could be a consequence of activation of
Cdc42 during E-cadherin-mediated cell contacts. Moreover,
PARD6b can be targeted to the apical pole of polarized
blastomeres through the microtubule-mediated pathway
(Houliston et al., 1989). This is consistent with the local-
ization of PARD6b on the spindles (see below) and
reinforces the idea that PARD6b may interact directly or
indirectly with microtubules. We also found that PARD6b
stays at the apical pole of polarized cells during the 8/16
transition. This is the second identified protein that staysFig. 5. Scheme showing the cellular localization of the PAR proteins and aPKC~
embryos. 8NC: non-compacted 8-cell stage embryos, 8C: compacted 8-cell stageassociated with the apical pole of microvilli during mitosis,
after ezrin (Louvet et al., 1996, 2001). Cytoplasmic polarity
is lost during mitosis but the cytocortical pole provides a
memory to rebuild polarity in the daughter cells inheriting it
after mitosis. PARD6b may be involved in the setting up
and maintenance of blastomere polarity and thus in the
divergence of the two first cell lineages of the mouse
embryo. However, the role of PARD6b in cell polarization is
independent of aPKC~ since this protein is first localized at
the 16-cell stage. The other PAR protein showing a
polarized distribution during compaction is EMK1, which
presents a complementary localization pattern to PARD6b.
EMK1 is localized in the baso-lateral domain of compacted
blastomeres like in MDCK cells (Bohm et al., 1997). During
compaction, the microtubule network is reorganized:
dynamic microtubules disappear from cell contact areasduring compaction and blastocyst morphogenesis in preimplantation mouse
embryos, Bl: blastocyst, TE: trophectoderm, ICM: inner cell mass.
S. Vinot et al. / Developmental Biology 282 (2005) 307–319316and a population of stable acetylated microtubules accumu-
lates in the baso-lateral domain (Houliston and Maro, 1989).
Since EMK1 belongs to a family of kinases involved in
microtubule dynamics, this result suggests that it may be
involved in the reorganization of microtubules during
compaction and thus in the establishment of polarity.
However, its baso-lateral targeting is independent of the
microtubules-mediated pathway but dependent of cell–cell
contacts. This is consistent with the fact that most micro-
tubules are found at the apical pole and that a small
subpopulation of more stable microtubules are located in the
baso-lateral domain (Houliston and Maro, 1989). In the
mouse embryo, like in C. elegans, the polarized redistri-
bution of PAR proteins is dependent on cytoskeletal
interactions, the microtubules being able to regulate the
organization of microfilaments in the cell cortex (Houliston
et al., 1989; Munro et al., 2004).
PAR proteins and blastocyst morphogenesis
Cell polarization allows the formation of two different
cell types at the 16-cell stage. The polarized outer cells
engage in epithelial differentiation to form the TE. In the
early mouse embryo, PARD6b is localized at the apical pole
of cells at the 8-cell stage and at the 16-cell stage colocalizes
with ZO-1 at the forming tight junctions. From this stage
onwards, aPKC~ presents a localization pattern similar to
PARD6b. The localization of aPKC~ at tight junctions is
consistent with the results obtained by Eckert et al. (2004).
Our results show that PARD6b, aPKC~ and PARD3 are
progressively recruited at the junctional complexes. The
colocalization of these three proteins at the blastocyst stage
in tight junctions suggests that, like in other models, they
could form a tripartite complex. However, due to the reduce
amount of total proteins in mouse embryos, we are unable to
prove the presence of this complex by co-immunoprecipi-
tation. Except in the case of migrating astrocytes (Etienne-
Manneville and Hall, 2003) and Drosophila photoreceptors
(Nam and Choi, 2003), these proteins always form a
tripartite complex in polarized cells (for review, see
Henrique and Schweisguth, 2003). It has been shown that
PARD6b regulates the formation of tight junctions in
MDCK cells (Joberty et al., 2000; Gao et al., 2002a) and
that the overexpression of a truncated form of PARD6b that
lacks the aPKC-binding domain interferes with the estab-
lishment of tight junctions rather than their maintenance
(Yamanaka et al., 2001). This suggests that PARD6b and
aPKC~ are important for the development of tight junctions
during the formation of the TE in early mouse embryos.
PARD6b and aPKC~ are targeted at tight junctions as
soon as they become established while PARD3 is targeted at
them only when the blastocele appears, that is, when the
tight junctions are mature. This suggests that PARD3 is
involved in the maintenance rather than the establishment of
these structures. In MTD1-A cells, PARD3 is recruited after
ZO-1 (Suzuki et al., 2002), whereas in MDCK cells, it isrecruited to the forming tight junctions before ZO-1 (Hirose
et al., 2002). Thus, it seems that the timing of PARD3
recruitment to tight junctions is different depending on the
cell type. This discrepancy could also be due to the isoform
expressed in each cell type since alternative splicing could
generate 3 isoforms. During early development, we detected
two isoforms of PARD3: the 150- and the 100-kDa isoforms
that derive from the 180-kDa isoform by alternative splicing
in the C-terminus domain. In the preimplantation mouse
embryo, only the 100-kDa isoform is localized and only at
tight junctions in blastocysts. This isoform lacks the aPKC-
binding site and the Ser 827 that is phosphorylated by aPKC
(Nagai-Tamai et al., 2002). It is surprising that this form is
localized in tight junctions since in MTD1-A cells, the
phosphorylation activity of aPKC is required for the stable
localization of PARD3 in tight junctions (Suzuki et al.,
2002). However, in MDCK cells, total deletion of the aPKC
binding site in PARD3 does not compromise its targeting to
cell–cell contacts (Gao et al., 2002b). Moreover, in MDCK
cells, the evolutionarily conserved N-terminus region of
PARD3, CR1 and the C-terminus domain containing amino
acids 937-1024 (which are absent from the 100 kDa
isoform) are indispensable for the recruitment of PARD3
to tight junctions (Mizuno et al., 2003). It is clearly different
in mouse blastocysts, where the 100-kDa isoform is
recruited to tight junctions, likely through other interaction
domains. A possibility is an interaction with PARD6b or
JAM (Junctional Adhesion Molecule) through the PDZ
domains. Indeed, JAM-1 is localized to tight junctions and
regulates their biogenesis in mouse embryos (Thomas et al.,
2004). The identification of each isoform in the different
systems studied is required to determine the specific
function of each one during tight junctions formation.
PAR proteins and cell division in early mouse embryo
Our studies together with the previous one in mouse
oocytes (Vinot et al., 2004) have highlighted new local-
izations for PAR proteins. EMK1 is found in nuclei during
all preimplantation development. We can suppose that it is
involved in cell cycle regulation since two other proteins,
pEg3 and C-TAK1, members of the same family of kinases
(Kin-1/PAR-1/MARK), are able to phosphorylate CDC25B
and CDC25C, respectively (Davezac et al., 2002; Peng et
al., 1998). The CDC25 phosphatases regulate the G2/M
progression by dephosphorylating and activating the CDC2
protein kinase (Gautier et al., 1991; Gould et al., 1990;
Russell and Nurse, 1986). Moreover, we have observed that
the accumulation of EMK1 in nuclei is predominant during
G2 (not shown). Although the involvement of EMK1 in cell
cycle regulation remains to be demonstrated, it is possible
that EMK1 may link cell polarity and cell cycle.
PARD6b and EMK1 localized also on the mitotic
spindles during the first embryonic cleavages. The local-
ization of these two proteins changes when blastomeres
become polarized. PARD6b and EMK1 are observed on the
S. Vinot et al. / Developmental Biology 282 (2005) 307–319 317spindle only before the 8-cell stage. Thus, the mitotic
spindles are different before and after compaction.
Since EMK1 can phosphorylate some microtubule-
associated proteins, it is possible that it regulates micro-
tubules dynamic during the first mitotic divisions of the
early mouse embryo. PAR6 is generally associated with the
cortex and before this study, it has never been observed on
mitotic spindles. Miranda, a cortical protein involved in the
asymmetric segregation of determinant (Ikeshima-Kataoka
et al., 1997), is totally excluded from the cortex of
Drosophila mitotic neuroblasts in Lgl mutant and is found
on the spindle (Barros et al., 2003). It is likely that the
spindle localization of PARD6b and EMK1 during the 2/4
and 4/8 transitions can reflect an exclusion from the cortex,
allowing an equal segregation of these proteins in the two
daughter cells. During compaction, PARD6b is targeted to
the apical cortex and EMK1 to the baso-lateral domain and
are not found on mitotic spindles anymore at the 8/16
transition, allowing them to be segregated differentially in
the two daughter cells after an asymmetric division.
The preimplantation mouse embryo as a model to study the
role of PAR proteins
Although PAR proteins are conserved during evolution,
their sequences of expression and localization patterns vary
according to the experimental system. We observed that a
colocalization between PARD6b, aPKC~ and PARD3-100
kDa can only occur at tight junctions at the blastocyst
stage. Moreover, PARD6b and aPKC~ colocalize at the
apical pole of polarized cell during epithelial differentiation
and in fully differentiated epithelial cells. In mammalian
epithelial cells in culture, PARD3, PARD6 and aPKC form
a complex localized at tight junctions but none of these
proteins localize at the apical membrane. In Drosophila
epithelial cells in culture, they localize at the apical pole of
the cells, and also at adherens junctions. Two in vivo
studies in Drosophila have shown results similar to ours.
In photoreceptors, PAR6 and aPKC colocalize at apical
membranes whereas bazooka (PAR3) is found more basally
at adherens junctions (Nam and Choi, 2003), but the three
proteins colocalize at the beginning of differentiation.
During epithelial differentiation of the Drosophila embry-
onic ectoderm, PAR6 is the first to localize apically,
followed by aPKC and bazooka (Hutterer et al., 2004).
Thus, many differences exist during epithelial differentia-
tion between in vitro and in vivo models. The preimplan-
tation mouse embryo provides an excellent model to study
epithelial differentiation physiologically in mammalian
cells in vivo. It is also a very regulative system in which
the role of PAR proteins can be studied very precisely
during the establishment and maintenance of embryonic
polarity and during cell division. Moreover, the association
of PAR proteins to the division spindles of cleaving
embryos opens the way for the study of new functions of
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